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1. INTRODUCTION {#pce13520-sec-0001}
===============

Plants interact with an incredibly diverse community of plant mutualists and antagonists. Antagonists range from large mammals to tiny insects, and microscopic bacteria and viruses. Each of these attackers may differ in the mode of attack as well as the fitness costs associated with the attack. To successfully defend against this plethora of attackers, plants evolved various defensive strategies (Agrawal, [2011](#pce13520-bib-0002){ref-type="ref"}; Dicke & van Loon, [2014](#pce13520-bib-0022){ref-type="ref"}; Karban, [2011](#pce13520-bib-0038){ref-type="ref"}). These strategies include inducible defences that allow resistance to be fine‐tuned to the specific attacker and save metabolic costs of resistance in the absence of herbivores (Karban, [2011](#pce13520-bib-0038){ref-type="ref"}; Karban & Baldwin, [1997](#pce13520-bib-0039){ref-type="ref"}; Kessler, [2015](#pce13520-bib-0040){ref-type="ref"}). However, such phenotypic plasticity can affect many other interactions between the plant and its environment in addition to the target herbivore, with potential negative effects on plant fitness, imparting so‐called ecological costs (Heil, [2002](#pce13520-bib-0030){ref-type="ref"}; Poelman, [2015](#pce13520-bib-0057){ref-type="ref"}; Poelman & Kessler, [2016](#pce13520-bib-0058){ref-type="ref"}; Strauss, Rudgers, Lau, & Irwin, [2002](#pce13520-bib-0069){ref-type="ref"}). Ecological costs of phenotypic plasticity are most clearly revealed in flowering plants. The majority of flowering plants are involved in one or more intimate interactions with pollinators, and disruption of plant--pollinator interactions can be directly detrimental for plant fitness (Ollerton, Winfree, & Tarrant, [2011](#pce13520-bib-0055){ref-type="ref"}; Wilcock & Neiland, [2002](#pce13520-bib-0074){ref-type="ref"}). A number of studies have identified disruptions in plant--pollinator interactions due to plant responses to insect herbivores (Hoffmeister, Wittköpper, & Junker, [2016](#pce13520-bib-0032){ref-type="ref"}; Liao, Gituru, Guo, & Wang, [2013](#pce13520-bib-0045){ref-type="ref"}; Schiestl, Kirk, Bigler, Cozzolino, & Desurmont, [2014](#pce13520-bib-0066){ref-type="ref"}), with consequences for plant reproduction (Botto‐Mahan et al., [2011](#pce13520-bib-0009){ref-type="ref"}; Chautá, Whitehead, Amaya‐Márquez, & Poveda, [2017](#pce13520-bib-0015){ref-type="ref"}; Rusman, Lucas‐Barbosa, & Poelman, [2018](#pce13520-bib-0065){ref-type="ref"}).

Herbivore‐induced changes in pollinator visitation are mediated by plasticity in flower traits. Plants attract pollinators through various flower traits: flower abundance, size, morphology, colour, volatiles, and rewards (nectar and pollen; Akter, Biella, & Klecka, [2017](#pce13520-bib-0003){ref-type="ref"}; Junker & Parachnowitsch, [2015](#pce13520-bib-0037){ref-type="ref"}). Flower traits are highly plastic and change readily in response to environmental factors, such as herbivory (Lucas‐Barbosa, van Loon, & Dicke, [2011](#pce13520-bib-0049){ref-type="ref"}; Strauss, [1997](#pce13520-bib-0067){ref-type="ref"}). Changes in response to herbivory include most flower traits involved in pollinator attraction (Bruinsma et al., [2014](#pce13520-bib-0012){ref-type="ref"}; Cozzolino et al., [2015](#pce13520-bib-0020){ref-type="ref"}; Hoffmeister et al., [2016](#pce13520-bib-0032){ref-type="ref"}; Lucas‐Barbosa et al., [2016](#pce13520-bib-0048){ref-type="ref"}). Herbivore‐induced changes in floral traits may vary considerably depending on herbivore species (Pareja et al., [2012](#pce13520-bib-0056){ref-type="ref"}; Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}). In our previous work, we identified that herbivore--pollinator interactions may depend on feeding guild and site of the herbivore as well, but we did not characterize which flower traits were responsive to herbivory (Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}). Thus, limited knowledge is available of the full extent to which different flower traits are affected by herbivore induction, the specificity of induction of flower traits, and specificity of effects on flower visitors. We think that knowledge on the specificity of herbivore‐induced plant responses provides an opportunity to explore the extent to which plasticity in floral traits supports or leads to disruption of plant--pollinator interactions.

We expect flower plasticity to follow patterns of specificity in inducible defences known for foliar plant responses. Specificity in inducible defences is to some extent mediated by phytohormones, which are involved in defence as well as reproduction. Chewing herbivores, for instance, mainly induce the jasmonic acid (JA) pathway, whereas sap‐feeding herbivores usually suppress JA and/or induce the salicylic acid (SA) pathway (Ali & Agrawal, [2012](#pce13520-bib-0004){ref-type="ref"}; Erb, Meldau, & Howe, [2012](#pce13520-bib-0023){ref-type="ref"}; Thaler, Humphrey, & Whiteman, [2012](#pce13520-bib-0071){ref-type="ref"}). Root‐feeding herbivores induce the JA pathway, but the phytohormonal network seems different belowground compared with aboveground, resulting in different plant responses (Johnson, Erb, & Hartley, [2016](#pce13520-bib-0036){ref-type="ref"}). Flower traits are also regulated by these phytohormones. For example, SA regulates flowering time (Martínez, Pons, Prats, & León, [2004](#pce13520-bib-0051){ref-type="ref"}) and is involved in flower formation (Rivas‐San Vicente & Plasencia, [2011](#pce13520-bib-0064){ref-type="ref"}) and flower thermogenesis (Raskin, Ehmann, Melander, & Meeuse, [1987](#pce13520-bib-0063){ref-type="ref"}). Likewise, JA is involved in general developmental processes of flowering (Yuan & Zhang, [2015](#pce13520-bib-0076){ref-type="ref"}) and regulates the expression of various flower traits (Avanci, Luche, Goldman, & Goldman, [2010](#pce13520-bib-0005){ref-type="ref"}; Brioudes et al., [2009](#pce13520-bib-0010){ref-type="ref"}; Muhlemann, Klempien, & Dudareva, [2014](#pce13520-bib-0053){ref-type="ref"}; Radhika, Kost, Boland, & Heil, [2010](#pce13520-bib-0061){ref-type="ref"}). Moreover, flower and defence traits are linked via shared genetic or biochemical pathways, via shared resources (Jacobsen & Raguso, [2018](#pce13520-bib-0034){ref-type="ref"}), or via functional responses, where flower traits are involved in defence as well. Flowering plants use floral volatiles to attract pollinators but also natural enemies of herbivores (Lucas‐Barbosa et al., [2014](#pce13520-bib-0047){ref-type="ref"}; Schiestl et al., [2014](#pce13520-bib-0066){ref-type="ref"}), and although pigments colour the flower, they are also toxic for herbivores (Gronquist et al., [2001](#pce13520-bib-0027){ref-type="ref"}). Because of the multiple links between flower and defensive traits, we expect similarities in specificity of herbivore induction.

In this study, we tested whether responses of the annual *Brassica nigra* to feeding by various herbivores affect multiple flower traits and whether herbivore‐induced changes in flower traits affect pollinator behaviour. We specifically studied how herbivore‐induced plant responses affect (a) flower abundance, size, and morphology; (b) flower chemistry, such as colour and odours; (c) flower rewards, including nectar and pollen quantity and pollen size; and (d) the behaviour of two pollinating insects, the butterfly *Pieris brassicae* and the syrphid fly *Episyrphus balteatus*. We hypothesized that herbivores from similar feeding guilds/sites induce more similar changes in flower traits than do herbivores from different feeding guilds/sites. This is predicted by specificity of elicitation of phytohormones involved in defence regulation (Ali & Agrawal, [2012](#pce13520-bib-0004){ref-type="ref"}; Johnson et al., [2016](#pce13520-bib-0036){ref-type="ref"}; Thaler et al., [2012](#pce13520-bib-0071){ref-type="ref"}) and different effects of plant responses to herbivores from various feeding guilds and feeding sites on pollinators (Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}).

2. MATERIALS AND METHODS {#pce13520-sec-0002}
========================

2.1. Plants and insects {#pce13520-sec-0003}
-----------------------

Black mustard (*B. nigra* L., Accession CGN06619) seeds were obtained from field open‐pollinated plants and originated from the Centre for Genetic Resources (Wageningen, the Netherlands). Seeds were germinated in trays, and 1‐week‐old plants were transplanted and cultivated in pots (∅ 17 cm, 2 L) filled with potting soil (Lentse potgrond) and sand in a 1:1 volume ratio under greenhouse conditions (23 ± 2°C, 50--70% relative humidity \[RH\], L16:D8). Once plants started flowering (5 or 6 weeks old), they were used for the experiments.

We exposed plants to six herbivore species divided over three groups, here termed "herbivore functional groups" (HFGs): chewing herbivores (larvae of *Athalia rosae* L., *Plutella xylostella* L., and *P. brassicae* L.), sap‐feeding herbivores (adults of *Brevicoryne brassicae* L. and *Lipaphis erysimi* (Kaltenbach)) and root herbivores (larvae of *Delia radicum* L.). All herbivores are specialists on Brassicaceae. The sawfly *A. rosae* originated from surroundings of Würzburg (Bavaria, Germany). The larvae were reared on *Raphanus sativus* under greenhouse conditions (22 ± 1°C, 50--70% RH, L16:D8). The caterpillars *P. xylostella* and *P. brassicae* and aphids *B. brassicae* and *L. erysimi* originated from the surroundings of Wageningen (the Netherlands), and they are routinely reared in the Laboratory of Entomology (Wageningen University) under greenhouse conditions (22 ± 1°C, 50--70% RH, L16:D8). *Plutella xylostella*, *P. brassicae*, and *B. brassicae* were reared on Brussels sprouts plants (*Brassica oleracea* var. *gemmifera* cv. Cyrus); *L. erysimi* was reared on *R. sativus* plants. The cabbage root fly *D. radicum* originated from Saint‐Méloir‐des‐Ondes (Brittany, France). Larvae were reared on turnips (*Brassica rapa*) or rutabaga (*Brassica napus*) in a climate cabinet (22 ± 1°C, 50--70% RH, L16:D8). We used two different pollinator species for our experiments: the butterfly *P. brassicae* and the syrphid fly *E. balteatus* (De Geer). Butterflies mainly feed on nectar, and not pollen, while feeding on *B. nigra* plants. Compared with other pollinators, *P. brassicae* has a low visitation frequency in the field (Lucas‐Barbosa, van Loon, Gols, Beek, & Dicke, [2013](#pce13520-bib-0050){ref-type="ref"}; Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}) but may nonetheless be important for long‐distance pollen dispersal (Courtney, Hill, & Westerman, [1982](#pce13520-bib-0019){ref-type="ref"}). Male and female *P. brassicae* butterflies were placed together to mate at 1--3 days after eclosing. After mating, females were provided with a 10% honey solution until being used in our behavioural experiments. *E. balteatus* pupae were obtained from Koppert Biological Systems (Berkel en Rodenrijs, the Netherlands). Adult syrphid flies were provided with sugar, pollen, water, and a Brussels sprouts plant infested with *B. brassicae* aphids, which is known to promote the development of the female reproductive system. Syrphid flies can feed on both nectar and pollen but mainly feed on pollen of *B. nigra*. *E. balteatus* is a common flower visitor and efficient pollinator of Brassicaceae (Jauker & Wolters, [2008](#pce13520-bib-0035){ref-type="ref"}). For both pollinators, we only used females for the behaviour experiment.

2.2. Plant treatments {#pce13520-sec-0004}
---------------------

We infested flowering *B. nigra* plants, 1 to 3 days from the start of flowering, by placing 10 first‐instar sawfly larvae or caterpillars, or 20 adult aphids on the two lowest bracts (5/10 per bract), or 10 first instar larvae of the root herbivore *D. radicum* at the base of the stem. Aboveground herbivores were not constrained to the bracts and free to move to their preferred feeding sites. Herbivore infestation densities were based on field observations and equalized for HFGs. After 7 days of herbivore infestation, plants were used in the experiments (Chrétien et al., [2018](#pce13520-bib-0016){ref-type="ref"}), and various flower traits (abundance, size, morphology, colour, volatiles, nectar production, and pollen quantity and size) and pollinator behaviour were assessed. For volatile collection, insects were removed prior to the experiment. For other flower traits, we always sampled undamaged flowers and inflorescences. After experimental use, we recorded the number and instar of all aboveground herbivore species, and root samples were taken for belowground herbivore‐infested and uninfested control plants to assess the actual damage caused by *D. radicum*. Control plants were kept uninfested for 7 days.

2.3. Effect of herbivore infestation on flower size, morphology, and colour {#pce13520-sec-0005}
---------------------------------------------------------------------------

To investigate if flower size, morphology, and colour were influenced by herbivore infestation, we measured the size, several morphological features, and the diffuse colour reflectance of flowers of plants infested with one of five herbivore species (*A. rosae*, *P. xylostella*, *B. brassicae*, *L. erysimi*, and *D. radicum*) and uninfested plants. Whole flowers (single open uninfested flowers) were mounted on a platform made of cork (diameter 2.3 cm), located under a multispectral camera (Pixelteq SpectroCam; resolution 1.3 Mp; lens = Carl Zeiss 2.8/25 ZF‐IR) at 11.4 cm. The multispectral camera was equipped with eight filters (Table [S1](#pce13520-supitem-0001){ref-type="supplementary-material"}). Halogen light (KL1500 fibre optic light source, Schott, Mainz, Germany) was provided from the top, next to the camera under a slight angle, from two sides. After a top‐view picture of the whole flower was taken, the petals were separated from the rest of the flower, and a top‐view picture was taken from the four petals together. After multispectral image capture, the cork platform containing the petals was transferred to a spectroscopy set‐up. For each petal, we measured the top (centred, 0.5 mm below the top edge of the petal) and the base (centred, 0.5 mm above the point where the petal narrows and bend downwards) with a spectrometer (SD2000, Ocean Optics, Largo, FL) using a fibre optic reflection probe and a deuterium‐halogen light source (DH2000‐FHS, Ocean Optics, Largo, FL) under a 162.5° angle at 1--2 mm. The spectrometer was calibrated using white (WS‐2, TOP Sensory Systems) and black (by covering the input fibre) as references. The diffuse reflection spectrum from 300 to 700 nm and two regions of interest, the yellow/orange region (570--650 nm) and the UV region (310--370 nm), were taken as read‐out. Six flowers of the final inflorescence of the top two flowering branches (three flowers per inflorescence) were measured from each plant, and flowers of six to eight plants per treatment. We processed whole flower and petal images by creating a segmentation pipeline: A supervised Gaussian classification model was built using three images of flowers and petals for separating flower and background. All other images were segmented by this trained classification model. This was done in MATLAB (Version R2017b) with the perClass toolbox (perClass Enterprise 5.2, PR Sys Design, Delft, the Netherlands). We inspected each image after automated segmentation and manually corrected the segmentation where needed in Paint (Version 6.1). Following segmentation, 42--48 flower images per treatment were analysed for surface area, surface area perimeter, convex area, convex area perimeter, length and width of fitting ellipse (major and minor chord length), and eccentricity (shape of fitting ellipse). With these measurements, we calculated the aspect ratio (major/minor chord length), solidity (surface area/convex area), and convexity (convex area perimeter/surface area perimeter). We analysed 164--196 petal images per treatment for surface area, length and width of fitting ellipse, diameter, and eccentricity of individual petals.

2.4. Effect of herbivore infestation on plant volatile emission {#pce13520-sec-0006}
---------------------------------------------------------------

To investigate if volatile emission of flowering plants was influenced by herbivore infestation, we collected volatiles from plants infested with one of five herbivore species (*A. rosae*, *P. xylostella*, *B. brassicae*, *L. erysimi*, and *D. radicum*) and uninfested plants. We collected volatiles of the aboveground plant parts, both leaves and flowers, because it was impossible to exclude all leaves from the inflorescences. Although we cannot separate volatiles from leaves and flowers, volatiles of leaves comprise only 2% of the total volatile emission of flowering *B. nigra* plants and did not respond to herbivory in a previous study (Bruinsma et al., [2014](#pce13520-bib-0012){ref-type="ref"}). Thus, herbivore‐induced changes in plant volatile emission of flowering plants are most likely due to changes in floral volatiles. We enclosed the aboveground plant parts in an oven bag (Toppits® Bratschlauch, polyester, 32 cm × 32 cm × 70 cm; Toppits, Minden, Germany). During collection, synthetic air from a gas cylinder was flushed through the bag at a flow rate of 300 ml min^−1^ by inserting a Teflon tube through an opening in the upper part of the bag, and air was sucked out (224‐PCMTX8, air‐sampling pump Deluxe, Dorset, UK; equipped with an inlet protection filter) at a flow rate of 200 ml min^−1^ through a second Teflon tube at the opening of each bag, and volatiles were collected in a metal tube filled with Tenax‐TA for 1.5 hr. Collections were done in a greenhouse compartment (25 ± 1°C, 50--70% RH, L16:D8) between 12 pm and 2 pm, and volatiles of six to eight plants were collected for each treatment. After collection, headspace samples were analysed using a gas chromatograph with a thermodesorption unit and coupled to a mass spectrometer (Thermo Fisher Scientific, Waltham, MA). Plant volatiles were desorbed from the Tenax using a thermodesorption unit (Ultra 50:50, Markes, Llantrisant, UK) that heated the sample from 25°C to 250°C (5‐min hold) in splitless mode at a rate of 60°C min^−1^. The released compounds were focused in a cold trap (internal diameter \[ID\] 1.80 mm) at 0°C, filled with Tenax and charcoal. The volatiles were transferred in splitless mode to the analytical column (30 m × 0.25 mm ID, 1‐μm film thickness, DB‐5, Phenomenex, Torrence, CA) by flash heating the cold trap at 40°C s^−1^ to 280°C (hold 10 min) and was held for 4 min at constant flow of 1 ml min^−1^. The temperature programme of the oven started at 40°C, and it immediately rose at 5°C min^−1^ to 280°C (4‐min hold) with constant flow of 1 ml min^−1^. An electron impact ionization at 70 eV was used to ionize the column effluent. Mass scanning was carried out from *m*/*z* 35 to 300 with 4.70 scans s^−1^. Compounds were putatively identified by comparing the mass spectra with the mass spectra of Wiley libraries and the Wageningen Mass Spectral Database of Natural Products. Identified compounds were confirmed on the basis of retention index using the literature (Adams, [1995](#pce13520-bib-0080){ref-type="ref"}). The emission rates were only quantified for compounds that were detected in a minimum of 50% of the samples from one of the treatments, and peak area of individual compounds was divided by fresh plant biomass (grams). Total ion counts were obtained to generate values for peak area, and we used these values to calculate the total volatile emission of plants; a single ion was selected to generate values for peak area and used when analysing the volatile blend composition of *B. nigra* plants.

2.5. Effect of herbivore infestation on floral nectar and pollen {#pce13520-sec-0007}
----------------------------------------------------------------

To investigate if floral nectar and pollen production were affected by herbivore infestation, we measured nectar and pollen quantity and pollen size of uninfested and herbivore‐infested plants. Nectar was collected from eight flowers between 9 a.m. and 10 a.m. in the morning by using a 2‐μl glass capillary (Microcaps®); three flowers of the final inflorescence of the two top flowering branches and two flowers of the final inflorescence of the third flowering branch from the top were selected, and all flowers were 2 days old. Nectar of 15 plants was collected for plants infested with one of five herbivore species (*A. rosae*, *P. brassicae*, *B. brassicae*, *L. erysimi*, and *D. radicum*) and uninfested plants. Pollen quantity and size was measured using a flow cytometer: Multisizer II Coulter Counter (Beckman Coulter (UK) Ltd., High Wycombe, UK). The six anthers of a flower were collected in a 2‐ml Eppendorf tube with 0.5 ml of soap water to prevent clumping of pollen grains. The anthers were crushed with a glass rod and then vortexed. Samples were then poured through a filter (MACS® SmartStainers, Miltenyi Biotec, Germany) with a pore size of 100 μm to get rid of debris. The filter was flushed with 6.5 ml of water to collect pollen grains stuck in the filter. We then added 13 ml of isotonic electrolyte Isoton (Isoton® II diluent, Beckman Coulter (UK) Ltd., High Wycombe, UK), and we homogenized the samples prior to measurements by whirling the container around. The flow cytometer measured the number and size of all particles in 1 ml of solution. To exclude debris (crushed anther tissue, etc.), we selected particles between 20 and 30 μm in our dataset on the basis of the particle size distribution of the samples. We multiplied the number of pollen grains in 1 ml by 20 to estimate the total number of pollen grains per flower. Pollen was collected from five flowers per plant, three flowers from the final inflorescence of the top flowering branch, and two flowers from the final inflorescence of the second flowering branch from the top. All flowers used were 2 days old. Pollen of 10 plants was collected for plants infested with one of three herbivore species (*P. brassicae*, *L. erysimi*, and *D. radicum*) and uninfested plants.

2.6. Effect of herbivore infestation on pollinator behaviour {#pce13520-sec-0008}
------------------------------------------------------------

To investigate if pollinator behaviour was influenced by plant infestation, we recorded the behaviour of two pollinators, the butterfly *P. brassicae* and the syrphid fly *E. balteatus*, in two choice situations. Individual pollinators were offered two plants: an uninfested plant and a plant infested with one of five herbivore species (*A. rosae*, *P. xylostella*, *B. brassicae*, *L. erysimi*, and *D. radicum*). A single butterfly or syrphid fly was released at a time, at 100 cm from the plants. Each pollinator was observed for 12 min, and we recorded the plant of first choice, and the visitation time and number of flowers visited for each of the two plants. First choice was defined as the plant first contacted by the insect, with either a leaf or flower. If the pollinator did not make a choice within 5 min, it was recorded under "no response," and the observation was terminated. Observations were performed using a handheld computer (Psion Workabout Pro^tm^ 3, London, UK) programmed with The Observer XT software (Version 10, Noldus Information Technology, Wageningen, the Netherlands). Each pollinator was used only once. Butterflies were 3--10 days old, starved approximately 20 hr before the experiment, and provided with a Brussels sprout plant to lay eggs; and thus, in this way, we ensured that the observation time would be spent on feeding and not on oviposition. Syrphid flies were 5--15 days old, starved 4--8 hr before the experiment, and provided with a Brussels sprouts plant to lay eggs and some water to prevent dehydration. For each plant pair, 10--20 individuals per pollinator species were tested. If more than 10 individuals were nonresponsive, observations for that day were terminated and data were excluded from the dataset. Experiments were carried out in a flight chamber set‐up (gauze tent of 293 cm × 200 cm × 230 cm), in a greenhouse compartment (25 ± 1°C, 50--70% RH, L16:D8). For each plant treatment, seven to 10 plant pairs were tested. After experimental use, we recorded the number of flowers and inflorescences for each plant.

2.7. Statistical analysis {#pce13520-sec-0009}
-------------------------

For count data such as the number of flowers, inflorescences, and pollen grains, we used generalized linear (mixed) models with a Poisson distribution and a log link function or negative binomial distribution with a log link function to correct for overdispersion. Herbivore species was included in the model as fixed factor. For post hoc analysis, we used Tukey\'s post hoc tests. Random factors were selected using a backwards approach; all random factors such as *block* (flowers and inflorescences) and *plant* (pollen grains) were initially added to the model and removed if they explained less than 5% of the variation or were statistically nonsignificant (*P* \> 0.05). We used the lme4 (Bates, Maechler, Bolker, & Walker, [2015](#pce13520-bib-0007){ref-type="ref"}), multcomp (Hothorn, Bretz, & Westfall, [2008](#pce13520-bib-0033){ref-type="ref"}), and lmtest (Zeileis & Hothorn, [2002](#pce13520-bib-0077){ref-type="ref"}) packages for these analyses. For continuous data such as total volatile emission, emission of compound classes or individual compounds, relative reflection of yellow and UV, amount of nectar, and average pollen size, we used linear (mixed) models with a Gaussian distribution and identity link function or a Gamma distribution with a log link function if the data did not follow a normal distribution. The same fixed factors, random factor selection approach, and packages as for count data were used. Random factor used was *plant* (yellow, UV, and pollen size). For pollinator behaviour data (number of insects, flowers visited, time spent per plant, and flower), we used the proportion of the response variable between infested and uninfested plants. We used generalized linear mixed models (GLMMs) with a Poisson distribution and a log link function. The response variable was fitted to the intercept, and random factor used was *plant pair*.

We analysed reflectance spectra with principal component analysis, permutational multivariate analyses of variance (PERMANOVAs), and support vector machines (SVMs; Cortes & Vapnik, [1995](#pce13520-bib-0018){ref-type="ref"}). Principal component analysis was performed with MetaboAnalyst 4.0 with default settings (Xia, Sinelnikov, Han, & Wishart, [2015](#pce13520-bib-0075){ref-type="ref"}). For PERMANOVAs, the difference in reflectance spectra between the top and base parts of petals was analysed by including herbivore treatment, plant identity, flower identity, and petal part as fixed factors. The difference in reflectance spectra between herbivore treatments for the top and base parts of petals was analysed by including herbivore treatment, flower identity, and plant identity as fixed factors. We used 999 permutations for all PERMANOVAs. We used the vegan package for these analyses (Oksanen et al., [2007](#pce13520-bib-0054){ref-type="ref"}). For SVM, the reflectance spectra were divided into 64 features of 4--5 nm each. We trained the models with 60% of the data, used 20% for model optimization and cross‐validation, and used 20% for testing. For each model, we tested a range of cost values (2^−2:7^ with exponential steps of 1) and gamma values (from 0 to 1 with steps of 0.05) and selected the values that supported the best model. For gamma, values auto‐selected by the model always supported the best models compared with a range of test values selected by us (between 0 and 1 with steps of 0.05), and consequently, we used the values auto‐selected by the model, which were always \<0.01. Accuracy was assessed with 10‐fold cross‐validation. Error rate was calculated from the confusion matrix by dividing the sum of the diagonals by the sum of the total. The result was subtracted from 1. We used the e1071 package for these analyses (Meyer, Dimitriadou, Hornik, Weingessel, & Leisch, [2017](#pce13520-bib-0052){ref-type="ref"}). For all reflectance spectrum analyses, we excluded wavelengths 421 to 498 from our dataset because of low light intensity in this area of the deuterium‐halogen light source.

We analysed volatile blend composition with cluster analysis. For cluster analysis, data were averaged per treatment, log transformed, and range scaled. Clustering was done using Euclidian distances as distance measure and Ward\'s clustering criterion as clustering method. Bootstrapping was done with 1,000 bootstrap replications. We used the pvclust package for these analyses (Suzuki & Shimodaira, [2006](#pce13520-bib-0070){ref-type="ref"}). Heat maps were produced with MetaboAnalyst 4.0 with default settings, except we did not use standardization (Xia et al., [2015](#pce13520-bib-0075){ref-type="ref"}).

We analysed pollen size distribution by comparing the pollen size distribution of uninfested and infested plants with a *χ* ^2^ test. We used the fifer package for these analyses (Fife, [2014](#pce13520-bib-0024){ref-type="ref"}). All analyses were carried out in R (Version 3.4.3 × 64, 2017, The R Foundation for Statistical Computing Platform).

3. RESULTS {#pce13520-sec-0010}
==========

Herbivore induction affected most flower traits and pollinator behaviour (Table [1](#pce13520-tbl-0001){ref-type="table"}). Changes in response to herbivory were observed for flower morphology, flower colour, the composition of the volatile blend, and nectar and pollen production of flowering *B. nigra*. Except for flower colour, specificity in induced traits and pollinator behaviour was herbivore species‐specific and beyond classifications such as HFGs. For example, both pollinators had opposite responses to plants infested with the two aphid species (Table [1](#pce13520-tbl-0001){ref-type="table"}). Moreover, herbivore‐induced changes were not restricted to specific herbivores or traits, and different herbivore species induced changes in various traits. Below, we provide details for the effects of plant responses to herbivory for each of the flower traits and the behaviour of the pollinators.

###### 

Various flower traits of *Brassica nigra* and visitation by two pollinators for plants infested with different herbivores

![](PCE-42-1882-g005){#nlm-graphic-1}

*Note*. Increase (+), decrease (−), or no effect (O) when compared with traits of uninfested plants. Letters for volatile blend and compound class are based on cluster analyses. Letters and numbers for reflectance spectrum are based on support vector machine models, where letters indicate differences between feeding guilds and numbers indicate differences within feeding guilds. No entry indicates traits were not measured for the respective herbivore. Photographs show *Athalia rosae* larva (bottom), flower of *B. nigra* (centre), and adult syrphid fly *Episyrphus balteatus* feeding on pollen of *B. nigra* (top right). Photograph credits: Jitte Groothuis and Quint Rusman.

3.1. Effect of herbivore infestation on flower abundance, size, and morphology {#pce13520-sec-0011}
------------------------------------------------------------------------------

On average, plants had 364 flowers and 34 inflorescences 1 week after the start of flowering. Herbivory did not affect the number of inflorescences (Figure [S1](#pce13520-supitem-0001){ref-type="supplementary-material"}; GLMM: *χ* ^2^ = 2.20, *df* = 5, *P =* 0.821) nor the number of flowers (Figure [S1](#pce13520-supitem-0001){ref-type="supplementary-material"}; GLMM: *χ* ^2^ = 1.47, *df* = 5, *P =* 0.916). Flowers had an average display area of 1.0 cm^2^ and length and width of 1.2 × 1.0 cm. Herbivory affected the display size of flowers ([Figure S2](#pce13520-supitem-0001){ref-type="supplementary-material"}; generalized linear model \[GLM\]: *χ* ^2^ = 46.3, *df* = 5, *P* \< 0.001), and flowers of plants infested with *P. xylostella* were 18% larger than flowers of uninfested plants (Tukey\'s post hoc tests, *P* \< 0.001). Herbivory affected several shape characteristics of flowers ([Figure S2](#pce13520-supitem-0001){ref-type="supplementary-material"}), such as major chord length (GLM: *χ* ^2^ = 36.5, *df* = 5, *P* \< 0.001), minor chord length (GLM: *χ* ^2^ = 25.3, *df* = 5, *P* \< 0.001), aspect ratio (GLM: *χ* ^2^ = 11.7, *df* = 5, *P =* 0.039), solidity (GLM: *χ* ^2^ = 14.9, *df* = 5, *P =* 0.011), and convexity (GLM: *χ* ^2^ = 12.7, *df* = 5, *P =* 0.026). Herbivory did not affect flower eccentricity (LM: *χ* ^2^ = 5.4, *df* = 5, *P =* 0.368). Petals had an average surface area of 0.13 cm^2^ and length and width of 0.5 × 0.3 cm. Herbivory affected the surface area of petals ([Figure S3](#pce13520-supitem-0001){ref-type="supplementary-material"}; GLM: *χ* ^2^ = 40.9, *df* = 5, *P* \< 0.001), and petals of plants infested with *L. erysimi* or *D. radicum* were 7% larger than uninfested plants (Tukey\'s post hoc tests, *P =* 0.008 or *P =* 0.010, respectively). Herbivory affected several shape characteristics of petals ([Figure S3](#pce13520-supitem-0001){ref-type="supplementary-material"}), such as major chord length (GLM: *χ* ^2^ = 79.0, *df* = 5, *P* \< 0.001), minor chord length (GLM: *χ* ^2^ = 37.3, *df* = 5, *P* \< 0.001), aspect ratio (GLM: *χ* ^2^ = 52.3, *df* = 5, *P* \< 0.001), and eccentricity (GLM: *χ* ^2^ = 59.0, *df* = 5, *P* \< 0.001). Overall, petals of herbivore‐infested plants had smaller aspect ratios and eccentricity than had uninfested plants, caused by shorter (*A. rosae* and *B. brassicae*) or broader (*P. xylostella*, *L. erysimi*, *D. radicum*) petals. Despite changes in petal size caused by all herbivores, only flowers of plants infested with *P. xylostella* had larger display size and smaller solidity than had uninfested plants.

3.2. Effect of herbivore infestation on flower colour {#pce13520-sec-0012}
-----------------------------------------------------

The reflectance spectra of the top and base part of petals differed significantly ([Figure S4](#pce13520-supitem-0001){ref-type="supplementary-material"}; PERMANOVA: *R* ^2^ = 67.1, *df* = 1, *P* \< 0.001). The reflectance spectra of the top part of petals, compared with the reflectance spectra of the base part of petals, included two maximum reflectance peaks at 326 and 351 nm. Because of these differences, we performed separate analyses for the effects of herbivory for the top and base part of petals. The colour of both top and base parts of petals of *B. nigra* was affected by herbivory ([Figure S5](#pce13520-supitem-0001){ref-type="supplementary-material"}; top---PERMANOVA: *R* ^2^ = 7.8, *df* = 5, *P* \< 0.001; base---PERMANOVA: *R* = 9.7, *df* = 5, *P* \< 0.001). The SVM models were accurate in identifying herbivore treatments of individual plants as defined by the training datasets, on the basis of the reflectance spectra of both the top and base parts of petals ([Tables S2](#pce13520-supitem-0001){ref-type="supplementary-material"} and [S3](#pce13520-supitem-0001){ref-type="supplementary-material"}; top---SVM accuracy 89%, error rate 10%; base---SVM accuracy 83%, error rate 12%). This indicates herbivore‐species‐specific changes in the reflectance spectra of both the top and base parts of petals and thus significant differences between all treatments. In addition, the SVM models were accurate in identifying HFG treatments of individual plants as defined by the training datasets ([Tables S2](#pce13520-supitem-0001){ref-type="supplementary-material"} and [S3](#pce13520-supitem-0001){ref-type="supplementary-material"}; top---SVM accuracy 98%, error rate 2%; base---SVM accuracy 92%, error rate 4%). This indicates HFG‐specific changes and thus significant differences between herbivores of different HFGs. This was confirmed by the ability of SVM models to assign plants infested with individual herbivore species to the correct HFGs and vice versa ([Tables S2](#pce13520-supitem-0001){ref-type="supplementary-material"} and [S3](#pce13520-supitem-0001){ref-type="supplementary-material"}).

Spectral profiles of petals of *B. nigra* contained two regions of interest: the yellow/orange region (570--650 nm) and the UV region (310--370 nm). The relative diffuse reflectance of yellow/orange of the top part of petals was affected by herbivory (Figure [1](#pce13520-fig-0001){ref-type="fig"}; GLM: *χ* ^2^ = 28.48, *df* = 5, *P* \< 0.001), as well as the base part of petals (Figure [1](#pce13520-fig-0001){ref-type="fig"}; GLM: *χ* ^2^ = 27.634, *df* = 5, *P* \< 0.001). Petals of plants infested with *A. rosae* reflected 5--9% less yellow/orange than did all other treatments except plants infested with *B. brassicae* (Figure [1](#pce13520-fig-0001){ref-type="fig"}). The relative diffuse reflectance of UV of the top part of petals was affected by herbivory (Figure [1](#pce13520-fig-0001){ref-type="fig"}; GLM: *χ* ^2^ = 29.66, *df* = 5, *P* \< 0.001). Flowers of plants infested with *B. brassicae* and *L. erysimi* reflected 8--13% more UV than did uninfested plants, and this resulted in a reduced yellow/UV ratio (Figure [1](#pce13520-fig-0001){ref-type="fig"}).

![Relative diffuse reflection (RDR) of yellow (570--650 nm) and UV (310--370 nm) wavelengths by petals of uninfested *Brassica nigra* plants or plants infested with different herbivores. (a) Relative diffuse reflection of yellow of top parts of petals. (b) Relative diffuse reflection of yellow of base parts of petals. (c) Relative diffuse reflection of UV of top parts of petals. (d) Ratio RDR yellow/RDR UV of top parts of petals. Boxplots show median (line), mean (x), first and third quartiles, and minimum and maximum. Outliers (1.5 times the interquartile range below the first quartile or above the third quartile) are represented by circles. The red dot on the flower images indicates where measurements were taken (top or base), which was done after 7 days of herbivory. Number of replicates per herbivore treatment varied between six and eight plants. From each plant, six flowers were used, of which each petal was measured, both top and base parts. Letters above bars indicate significant differences at *α* = 0.05 based on Tukey\'s post hoc tests \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](PCE-42-1882-g001){#pce13520-fig-0001}

3.3. Effect of herbivore infestation on plant volatile emission {#pce13520-sec-0013}
---------------------------------------------------------------

The volatile profile of flowering *B. nigra* plants consisted of 51 compounds of six major classes: benzenoids and phenylpropanoids, monoterpenoids, homoterpenoids, sesquiterpenoids, fatty‐acid and amino‐acid derivatives, and nitrogen‐containing compounds (see [Table S4](#pce13520-supitem-0001){ref-type="supplementary-material"}). Herbivore infestation, compared with uninfested plants, did not affect total volatile emission ([Figure S6](#pce13520-supitem-0001){ref-type="supplementary-material"}; LM: *χ* ^2^ = 4.84, *df* = 5, *P =* 0.436) and did not result in qualitative differences in the volatile profiles. Herbivore infestation resulted in quantitative differences in the volatile profiles of infested and uninfested plants (Figure [2](#pce13520-fig-0002){ref-type="fig"}). The largest difference was between plants infested with caterpillars of *P. xylostella* and the root herbivore *D. radicum*, and all other treatments. The volatile profile of uninfested plants differed from that of infested plants, where infested plants emitted lower amounts of benzenoids and phenylpropanoids (LM: *χ* ^2^ = 5.85, *df* = 1, *P =* 0.016) and tended to emit lower amounts of monoterpenoids (LM: *χ* ^2^ = 3.25, *df* = 1, *P =* 0.071). All herbivores differently affected the volatile profile by changing the emission of specific compounds, whereas the volatile profile of plants infested with *A. rosae* and *B. brassicae* and plants infested with *P. xylostella* and *D. radicum* were relatively similar (Figure [2](#pce13520-fig-0002){ref-type="fig"}). Moreover, herbivores differently affected volatile compound classes, which is evident from different clustering of the herbivores for each volatile compound class ([Figure S7](#pce13520-supitem-0001){ref-type="supplementary-material"}). Interestingly, herbivore‐induced changes in benzenoids and phenylpropanoids seem to match the observed herbivore‐induced changes in pollinator behaviour quite well (Table [1](#pce13520-tbl-0001){ref-type="table"}). We did not observe distinct clustering of volatile profiles on the basis of herbivore feeding guild or site. Thus, herbivore‐induced plant volatile profiles were specific for each attacking herbivore species within feeding guild or feeding site.

![Dendrogram and heat map of the emission of volatile compounds of *Brassica nigra* plants infested with different herbivores or uninfested plants. Dendrogram clustering was performed using Ward\'s clustering algorithm with Euclidean distances. Values in the dendrogram are approximately unbiased probability values, where values ≥ 95 indicate significant differences. For the heat map, we used range‐scaled log‐transformed values of volatile emission (peak area/g FW) for each compound. Volatiles were collected after 7 days of herbivory. Number of replicates per herbivore treatment varied between seven and nine plants \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](PCE-42-1882-g002){#pce13520-fig-0002}

3.4. Effect of herbivore infestation on flower rewards {#pce13520-sec-0014}
------------------------------------------------------

Plants produced on average 0.26 μl of nectar and 47,768 pollen grains per flower. Nectar production of flowers was affected by herbivory (Figure [3](#pce13520-fig-0003){ref-type="fig"}; LM: *F* = 6.61, *df* = 5, *P* \< 0.001). Plants infested with *A. rosae* or *B. brassicae* produced less nectar than did uninfested plants (Tukey\'s post hoc tests, *P =* 0.037 and *P =* 0.013, respectively), plants infested with *L. erysimi* (Tukey\'s post hoc tests, *P =* 0.002 and *P* \< 0.001, respectively) or *D. radicum* (Tukey\'s post hoc tests, *P =* 0.072 and *P =* 0.029, respectively). The number of pollen grains produced by flowers was affected by herbivory (Figure [3](#pce13520-fig-0003){ref-type="fig"}; GLM: *χ* ^2^ = 10.09, *df* = 3, *P =* 0.018). Plants infested with *D. radicum* produced fewer pollen grains than did uninfested plants (Tukey\'s post hoc tests, *P =* 0.029) and plants infested with *P. brassicae* (Tukey\'s post hoc tests, *P =* 0.024). The average size of pollen grains did not differ between uninfested or herbivore‐infested plants ([Figure S8](#pce13520-supitem-0001){ref-type="supplementary-material"}; GLM: *χ* ^2^ = 0.18, *df* = 3, *P =* 0.981) nor did the pollen size distribution ([Figure S9](#pce13520-supitem-0001){ref-type="supplementary-material"}; *χ* ^2^ test, *P* = 1.000).

![Nectar volume and number of pollen grains of uninfested *Brassica nigra* plants or plants infested with different herbivores. (a) Nectar volume of eight flowers of uninfested *B. nigra* plants or plants infested with different herbivores. Number of replicates per herbivore treatment varied between 14 and 15 plants. (b) Number of pollen grains of one flower of uninfested *B. nigra* plants or plants infested with different herbivores. Boxplots show median (line), mean (x), first and third quartiles, and minimum and maximum. Outliers (1.5 times the interquartile range below the first quartile or above the third quartile) are represented by circles. Nectar volume and number of pollen grains were measured after 7 days of herbivory. Number of replicates per herbivore treatment was 10 plants; per plant, we measured pollen for five flowers. Letters above bars indicate significant differences at *α* = 0.05 based on Tukey\'s post hoc tests \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](PCE-42-1882-g003){#pce13520-fig-0003}

3.5. Effect of herbivore infestation on pollinator behaviour {#pce13520-sec-0015}
------------------------------------------------------------

We observed the behaviour of 902 responsive pollinators, with 108.4 hr of observation time, and over 8,000 flower visits; and these observations revealed that the behaviour of both butterflies and syrphid flies was affected by herbivore infestation. The direction of the effect depended on herbivore and pollinator species. Butterflies landed less frequently on plants infested with *P. xylostella* (GLMM: *z* = −2.25, *P =* 0.025) or *B. brassicae* (GLMM: *z* = −3.29, *P =* 0.001) and more frequently on plants infested with *L. erysimi* (GLMM: *z* = 3.13, *P =* 0.002) than on uninfested plants (Figure [4](#pce13520-fig-0004){ref-type="fig"}). Butterflies landed as frequently on plants infested with *A. rosae* (GLMM: *z* = −0.37, *P =* 0.715) or *D. radicum* (GLMM: *z* = 0.23, *P =* 0.816) as they did on uninfested plants. Herbivore infestation had the same effect on the duration of visitation and the number of flowers visited as on the landing preference for butterflies (Figure [4](#pce13520-fig-0004){ref-type="fig"}). Syrphid flies landed more frequently on plants infested with *L. erysimi* (GLMM: *z* = 2.09, *P =* 0.036) or *D. radicum* (GLMM: *z* = 2.23, *P =* 0.026) and tended to land less frequently on plants infested with *B. brassicae* (GLMM: *z* = −1.76, *P =* 0.079) than on uninfested plants ([Figure S10](#pce13520-supitem-0001){ref-type="supplementary-material"}). Syrphid flies landed as frequently on plants infested with *A. rosae* (GLMM: *z* = −0.62, *P =* 0.537) or *P. xylostella* (GLMM: *z* = −0.59, *P =* 0.557) as they did on uninfested plants. Herbivore infestation had the same effect on the duration of visitation and the number of flowers visited as on the landing preference for syrphid flies ([Figure S10](#pce13520-supitem-0001){ref-type="supplementary-material"}).

![Preferences of the butterfly *Pieris brassicae* for uninfested *Brassica nigra* plants or plants infested with different herbivores. (a) Proportion of *P. brassicae* butterflies (mean ± *SE*) that first landed on flowers or leaves of *B. nigra* plants infested with different herbivores or uninfested plants. (b) Visitation duration (mean ± *SE*); (c) number of flowers visited (mean ± *SE*); and (d) time spent per flower (mean ± *SE*) by individual pollinators on infested or uninfested *B. nigra* plants. Butterfly behaviour was assessed after 7 days of herbivory. Number of replicates per herbivore treatment varied between 75 and 89 butterflies, and eight and 10 plant pairs. Asterisks above bars indicate significant differences with \*\*\**P* \< 0.001, \*\*0.001 ≥ *P* \< 0.01, \*0.01 ≥ *P* ≤ 0.05, and ●0.05 \> *P* \< 0.1, based on Tukey\'s post hoc tests. Photograph shows a *P. brassicae* butterfly visiting flowers of *B. nigra*. Photograph credit: Quint Rusman \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](PCE-42-1882-g004){#pce13520-fig-0004}

4. DISCUSSION {#pce13520-sec-0016}
=============

Our data show that responses of *B. nigra* to attack by different herbivores changed multiple flower traits and affected pollinator behaviour. Flower traits that most strongly changed in response to herbivory were flower morphology, flower colour, the composition of the volatile blend, and nectar production. For most traits, specificity is beyond feeding guild and site, and changes are herbivore‐species‐specific. The herbivore‐induced species‐specific changes in flower traits resulted in herbivore‐induced species‐specific changes in pollinator behaviour. The best predictors for the changes in pollinator behaviour were the combined changes in all flower traits, or changes in specific compounds within the volatile blend, especially benzenoids and phenylpropanoids. Changes in flower morphology and nectar production could explain pollinator behaviour in some cases, but not in others. Thus, flowers show extensive plasticity in response to antagonist herbivores, with contrasting effects on mutualist pollinators.

Flowering plants appear to be highly plastic in response to herbivory. Specificity in herbivore‐induced changes in flower traits yielded a unique phenotype to each herbivore attacker, with species‐specific effects on different pollinators. Our data do not support the predicted specificity of elicitation or effect on the basis of herbivore feeding guild and site (Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}). This prediction was based on specificity of effect of pollinator functional groups to herbivory (Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}), and specificity of elicitation of phytohormones involved in defence regulation (JA and SA) by herbivores from different feeding guilds and that use different feeding sites (Ali & Agrawal, [2012](#pce13520-bib-0004){ref-type="ref"}; Johnson et al., [2016](#pce13520-bib-0036){ref-type="ref"}; Thaler et al., [2012](#pce13520-bib-0071){ref-type="ref"}). Within pollinator functional groups, pollinator species can respond differently to plants exposed to the same herbivore (Hoffmeister et al., [2016](#pce13520-bib-0032){ref-type="ref"}). Apparently, specific effects on pollinator functional groups do not accurately predict specificity of elicitation of herbivore‐induced changes in flower traits. Moreover, specificity in elicitation of the phytohormones JA and SA might not accurately predict the induced phenotype, because of alternative signalling pathways and spatiotemporal modulators of the JA response (Erb et al., [2012](#pce13520-bib-0023){ref-type="ref"}). Despite effects of herbivore feeding guild on phytohormone induction and related gene transcription (Bidart‐Bouzat & Kliebenstein, [2011](#pce13520-bib-0008){ref-type="ref"}; De Vos et al., [2005](#pce13520-bib-0021){ref-type="ref"}), the resulting induced phenotype is at least partially herbivore‐species‐specific (Bidart‐Bouzat & Kliebenstein, [2011](#pce13520-bib-0008){ref-type="ref"}; Chung & Felton, [2011](#pce13520-bib-0017){ref-type="ref"}; Heidel & Baldwin, [2004](#pce13520-bib-0029){ref-type="ref"}; Travers‐Martin & Müller, [2007](#pce13520-bib-0072){ref-type="ref"}). The same seems to be true for the floral phenotype. For example, plant responses to root‐ and leaf‐chewing herbivores, which are both mediated by JA, had differential effects on flower traits such as petal size (Poveda, Steffan‐Dewenter, Scheu, & Tscharntke, [2005](#pce13520-bib-0060){ref-type="ref"}), flower abundance (Barber, Adler, & Bernardo, [2011](#pce13520-bib-0006){ref-type="ref"}), and flowering phenology (Poveda, Steffan‐Dewenter, Scheu, & Tscharntke, [2003](#pce13520-bib-0059){ref-type="ref"}). Application of JA reduced nectar production in *B. nigra*, whereas herbivory by *Pieris rapae* or *P. brassicae* caterpillars, which mainly induce JA, increased or had no effect on nectar production (Bruinsma et al., [2014](#pce13520-bib-0012){ref-type="ref"}; Bruinsma, IJdema, van Loon, & Dicke, [2008](#pce13520-bib-0011){ref-type="ref"}). Herbivory by two aphid species had differential effects on floral volatile emission (Pareja et al., [2012](#pce13520-bib-0056){ref-type="ref"}). Thus, specificity of herbivore‐induced floral traits is herbivore species‐specific and results in specificity of effects on pollinator visitation.

Herbivores induce changes in multiple components of the flower phenotype, which makes it difficult to disentangle the contribution of each component to the changes in pollinator behaviour. Plasticity in any trait might contribute to altered pollinator visitation. Moreover, because plants use multiple flower traits to attract pollinators (Junker & Parachnowitsch, [2015](#pce13520-bib-0037){ref-type="ref"}; Leonard, Dornhaus, & Papaj, [2012](#pce13520-bib-0044){ref-type="ref"}), the combination of all changes in flower traits might explain pollinator visitation best. Herbivore‐induced changes in individual flower traits may shift the relative importance of each flower trait within the complete floral phenotype for pollinator attraction (Lawson, Whitney, & Rands, [2017](#pce13520-bib-0043){ref-type="ref"}; Leonard et al., [2012](#pce13520-bib-0044){ref-type="ref"}). Still, some flower traits seem to be more plastic than others and may contribute more to pollinator attraction, more so when the trait provides information on floral rewards. Especially floral volatiles seem to undergo profound changes in response to herbivory (Cozzolino et al., [2015](#pce13520-bib-0020){ref-type="ref"}; Kessler & Halitschke, [2009](#pce13520-bib-0041){ref-type="ref"}; Lucas‐Barbosa et al., [2016](#pce13520-bib-0048){ref-type="ref"}; Pareja et al., [2012](#pce13520-bib-0056){ref-type="ref"}; Schiestl et al., [2014](#pce13520-bib-0066){ref-type="ref"}) and may explain changes in pollinator behaviour well (Kessler & Halitschke, [2009](#pce13520-bib-0041){ref-type="ref"}; Schiestl et al., [2014](#pce13520-bib-0066){ref-type="ref"}), although it is often unclear which individual compounds are used by pollinators (but see Knauer & Schiestl, [2015](#pce13520-bib-0042){ref-type="ref"}). Other flower traits like colour and morphology also change in response to herbivory and are important for pollinator attraction (Campbell, Bischoff, Lord, & Robertson, [2010](#pce13520-bib-0013){ref-type="ref"}; Hempel de Ibarra, Langridge, & Vorobyev, [2015](#pce13520-bib-0031){ref-type="ref"}; Strauss, Conner, & Rush, [1996](#pce13520-bib-0068){ref-type="ref"}). Flower volatiles, colour, and morphology can provide information on floral rewards for naïve pollinators (Gómez et al., [2008](#pce13520-bib-0025){ref-type="ref"}; Haverkamp, Bing, Badeke, Hansson, & Knaden, [2016](#pce13520-bib-0028){ref-type="ref"}; Raine & Chittka, [2007](#pce13520-bib-0062){ref-type="ref"}), conferring so‐called honest signals, which would predict adaptive responses of naïve pollinators to herbivore‐induced changes in flower volatiles, colour, or morphology. However, herbivory also resulted in changes in floral rewards, which could potentially disrupt honest signalling. In this study, the combined changes in all flower traits, or the induced changes in specific plant volatile compounds, especially in benzenoids and phenylpropanoids, seem to predict best the herbivore‐species‐specific changes in pollinator behaviour. Changes in flower morphology and nectar production could predict pollinator behaviour in some cases, but not in others. We did not investigate nectar and pollen composition, which may change in response to herbivory (Adler, Wink, Distl, & Lentz, [2006](#pce13520-bib-0001){ref-type="ref"}; Bruinsma et al., [2014](#pce13520-bib-0012){ref-type="ref"}) but do not always predict pollinator behaviour well (Carr, Haber, LeCroy, Lee, & Link, [2015](#pce13520-bib-0014){ref-type="ref"}; Vanderplanck et al., [2014](#pce13520-bib-0073){ref-type="ref"}). Although the mere presence of the herbivores on the plants could have affected pollinator behaviour directly, we never observed that pollinators would be especially attracted or repelled by herbivore‐infested inflorescences or the herbivores themselves in the greenhouse or field (Q. Rusman & D. Lucas‐Barbosa, personal observations). To identify the exact cause of herbivore‐induced changes on pollinator behaviour, future studies should manipulate individual flower traits and their combinations or use natural variation in flower traits to assess which traits most strongly affect flower visitation by different pollinator species. This will promote understanding of why flowers show such extensive plasticity to herbivore attack.

Here, our data show that responses of *B. nigra* plants to herbivores that regularly attack this plant species can have positive, negative, or neutral effects on pollinator behaviour and that different pollinators respond differently to herbivore‐induced changes in flower traits. This is supported by evidence from field studies, where multiple herbivores have been shown to differentially affect pollinator community composition, with positive, negative, or neutral effects on the visitation by pollinator species (Hoffmeister et al., [2016](#pce13520-bib-0032){ref-type="ref"}; Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}). Changes in the behaviour of one or more pollinator groups and resulting changes in plant reproduction might confer considerable ecological costs of herbivore‐induced changes in flower traits. Interestingly, some plant species seem to be able to maintain overall pollinator visitation in the field (Barber et al., [2011](#pce13520-bib-0006){ref-type="ref"}; Hoffmeister et al., [2016](#pce13520-bib-0032){ref-type="ref"} ; Lucas‐Barbosa et al., [2013](#pce13520-bib-0050){ref-type="ref"} ; Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}). Thus, despite the repellence of some pollinators by herbivore‐induced changes in flower traits, plants seem to compensate by attracting other pollinators. In this way, defences can be activated without compromising reproduction (Hoffmeister et al., [2016](#pce13520-bib-0032){ref-type="ref"}; Lucas‐Barbosa et al., [2013](#pce13520-bib-0050){ref-type="ref"}; Rusman et al., [2018](#pce13520-bib-0065){ref-type="ref"}), even when defence and flower traits are tightly linked (Jacobsen & Raguso, [2018](#pce13520-bib-0034){ref-type="ref"}; Lucas‐Barbosa, [2016](#pce13520-bib-0046){ref-type="ref"}). Alternatively, herbivore‐induced changes in flower traits as by‐products of the plant\'s inducible defensive responses may be maintained because they do not affect reproduction (Gould & Lewontin, [1979](#pce13520-bib-0026){ref-type="ref"}). Thus, ecological costs of flower plasticity in response to herbivory via disruptions of plant--pollinator interactions may be limited considering the entire pollinator community and in particular for generalized pollinator systems.

Our study shows that plant responses to herbivores feeding on the flowers, leaves, or roots have profound effects on the flower phenotype and pollinator visitation. Plant responses to any herbivore changed two or more traits, including flower morphological, chemical (colours and volatiles), and reward traits, and changes were herbivore species‐specific. This highlights the importance of exploring plant responses to multiple herbivores and pollinators and measuring multiple flower traits to reveal the underlying mechanisms of plant‐mediated herbivore--pollinator interactions. Herbivores potentially play a significant role as agents of selection on floral traits and plant reproduction via plant‐mediated interactions with pollinators.
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**Table S1.** Specifications of the eight filters of the multispectral camera used to photograph flowers of herbivore‐infested and uninfested *Brassica nigra* plants.

**Fig. S1.** Number of flowers (a) and inflorescences (b) of *B. nigra* plants infested with different herbivores or uninfested plants.

**Fig. S2.** Morphometries for flowers of uninfested *B. nigra* plants and plants infested with different herbivores.

**Fig. S3.** Morphometries for petals of uninfested *B. nigra* plants and plants infested with different herbivores.

**Fig. S4.** Principal component analysis of the colour profile of the top (green) and base (red) part of petals of *B. nigra* plants.

**Fig. S5.** Reflectance spectra with relative diffuse reflectance of wavelengths (300‐700nm) of the top (a) and base (b) part of petals of *B. nigra* plants infested with different herbivores or uninfested plants.

**Table S2.** Confusion matrices of support vector machine classifiers for the reflectance spectra of top parts of petals of uninfested *B. nigra* plants of plants infested with different herbivores (a) or herbivore functional groups (HFGs) (b).

**Table S3.** Confusion matrices of support vector machine classifiers for the reflectance spectra of base parts of petals of uninfested *B. nigra* plants of plants infested with different herbivores (a) or herbivore functional groups (HFGs) (b).

**Fig. S6.** Total volatile emission of uninfested flowering *B. nigra* plants and plants infested with different herbivores.

**Table S4.** Volatile compounds of uninfested flowering *B. nigra* plants or plants infested with different herbivores.

**Fig. S7.** Dendrogram and heat map of the emission of volatile compounds for each compound class of *Brassica nigra* plants infested with different herbivores or uninfested plants.

**Fig. S8.** Size of pollen grains of uninfested *B. nigra* plants or plants infested with different herbivores.

**Fig. S9.** Size distribution of pollen grains of uninfested *B. nigra* plants or plants infested with different herbivores.

**Fig. S10.** Preference of the syrphid fly *Episyrphus balteatus* for uninfested *B. nigra* plants or plants infested with different herbivores.
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